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1  ft  ABSTRACT  aom—ee 

The  objective  of  this  research  program  was  to  develop  advanced  superconducting  tunnel 
junctions  for  application  in  superconducting  local  oscillators  and  mixers  operating 
in  the  Terahertz  (0.2  -  2.0  THz)  frequency  regime.  The  research  was  focused  on  the 
development  of  stable,  all  refractory,  high-critical-current-density,  small-area  tunnel 
junctions  based  on  NbN  superconducting  thin  films.  A  successful  process  for  the 
fabrication  of  rugged  1  pm4  NbN-MgO-NbN  Josephson  tunnel  junctions  was  developed  with 
the  junctions  having  critical  current  densities  >  10*  A/cm  .  The  NbN  tunnel  junctions 
were  found  to  be  effective  voltage-tunable  Josephson  oscillators  from  300  GHz  to  above 
1.4  THz.  Direct  measurement  of  the  response  of  the  detector  junction  indicated  that 
the  oscillator  voltage  was  typically  1.5  mV  in  amplitude  and  thus  the  oscillator  power 
was  of  the  order  of  0.5  pW  in  the  THz  regime.  While  clearly  demonstrating  the 
feasibility  of  producing  practical  Josephson  junction  oscillators  and  other  Josephson 
devices  for  operation  in  the  THz  regime  the  experiment  results  also  indicated  that 
MgO  tunnel  barriers  are  less  than  a  completely  successful  tunnel  barrier  material 
for  NbN  Josephson  device  applications. 
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INTRODUCTION 


The  objective  of  this  research  program  was  to  develop  advanced 
superconducting  tunnel  junctions  for  application  in  superconducting  local 
oscillators  and  superconducting  mixers  operating  in  the  Terahertz  (0.2  -  2.0  THz) 
frequency  regime.  The  research  was  focused  on  the  development  of  stable,  all 
refractory,  high-critical-current-density,  small-area  tunnel  junctions  based  on  NbN 
superconducting  thin  films.  A  successful  process  for  the  fabrication  of  -  1  pm2 
NbN-MgO-NbN  Josephson  tunnel  junctions  was  developed  with  the  junctions 
having  critical  current  densities  >  104  A/cm2.  Such  junctions  were  found  to  be  very 
rugged  and  reliable.  In  experiments  in  which  such  junctions  were  coupled 
capacitively  to  a  nearby,  on-chip,  Josephson  junction  detector,  the  NbN  junctions 
were  found  to  be  effective  voltage-tunable  oscillators  from  300  GHz  to  above  1.4 
THz.  Direct  measurement  of  the  response  of  the  detector  junction  indicated  that  the 
oscillator  voltage  was  typically  1.5  mV  in  amplitude.  This  indicated  that  the 
Terahertz  oscillator  power  was  of  the  order- of  0.5  pW,  of  which,  due  to  impedance 
mismatch,  0.01  pW  was  typically  coupled  into  the  detector  junction.  This  power  is 
quite  adequate  for  local  oscillator  applications  in  Terahertz  mixer  applications  that 
might  employ  a  superconducting  SIS  detector.  However,  a  narrowing  of  the 
oscillator  linewidth  by  some  means,  such  as  through  the  use  of  a  strip-line 
resonator,  will  be  required  for  practical  applications. 

In  addition  to  demonstrating  the  ultra-high  frequency  capability  of  high-critical- 
current  density  NbN  junctions  this  research  project  also  identified  several  problems, 
both  process  and  materials  related  with  the  NbN-MgO-NbN  tunnel  junction  system. 
These  problems  included  device  heating  at  the  necessarily  high  critical  current 
densities,  difficulties  in  obtaining  reproducible  (i.e.  repeatable  critical  current) 
junctions  at  the  high  critical  current  densities  required  and  the  excessive  high  level 
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of  1 /f  noise  found  in  the  tunnel  junction.  The  first  problem  was  solved  by  careful 
device  design.  The  latter  two  are  more  fundamental  and  strongly  point  to  the 
conclusion  that  an  alternative  tunnel  barrier  material  should  be  developed  to 
replace  the  less  than  satisfactory  MgO  barrier  in  the  NbN  tunnel  junction  system. 

DISCUSSION 

This  research  project  began  with  the  objective  of  demonstrating  the  capability  of 
Josephson  junction  local  oscillators  and  detectors  for  successful  device  operation  in 
the  ultra-high.  Terahertz,  frequency  regime,  0.3  to  3.0  THz.  To  operate  successfully 
at  very  high  frequencies  a  Josephson  tunnel  junction  must  have  sufficiently  high 
conductance  per  unit  area  such  that  the  junction  resistance  is  comparable  to,  or  less 
than,  the  junction's  shunt  capacitance.  Since  the  conductance  per  unit  area  of  a 
Josephson  tunnel  junction  is  directly  proportional  to  its  superconducting  critical 
current  density  Jc,  the  above  condition  is  equivalent  to  requiring  that  for  frequencies 
above  200  GHz,  we  must  have  Jc  ~  104  - 105  A/cm2.  In  general  it  has  proven  difficult 
to  reliably  produce  tunnel  junctions  with  sufficiently  thin  tunnel  barriers  to  yield 
this  range  of  values  of  Jc.  Moreover  when  such  junctions  were  produced  the  quality 
of  the  resultant  I-V  characteristic  was  such  that  there  were  serious  questions  about 
the  nature  of  the  Josephson  currents  at  high  bias  voltages  which  approach  the  gap- 
sum  voltage,  which  by  the  ac  Josephson  relation  is  equivalent  to  very  high 
frequencies. 

Accordingly,  we  began  our  research  effort  by  examining  the  behavior  of 
Josephson  devices  that  were  fabricated  in  an  unique  double-edge-junction  structure. 
This  structure  readily  permitted  the  fabrication  of  pairs  of  very  high  critical-current- 
density  Josephson  junctions  with  comparably  good  I-V  characteristics  and  with  a 
design  that  optimized  cooling  of  the  active  device  area  by  facilitating  rapid  diffusion 

of  quasiparticles  from  the  active  device  area.  Using  one  junction  as  a  voltage- 
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tunable  Josephson  oscillator  and  the  other  as  a  Josephson  detector  these  devices 
permitted  direct  measurement  of  the  oscillating  Josephson  pair  current  from  bias 
voltages  (oscillating  frequencies)  ranging  from  1.20  mV  (600  GHz)  to  1.8  mV  (900 
GHz).  The  Josephson  junctions  used  in  this  measurements  employed  Nb  and  Sn 
electrodes  and  accordingly  this  voltage  range  extended  from  well  below  the  gap  sum 
region  up  to  and  slightly  past  the  gap-sum  voltage.  These  preliminary  results 
directly  demonstrated  that  large  ac  Josephson  currents  are  certainly  obtained  in  the 
ultra-high  frequency  regime,  even  if  the  tunnel  junction  characteristic  is  less  than 
ideal. 

Following  this  initial  feasibility  demonstration,  our  attention  turned  to 
developing  an  NbN  thin  film  and  small  area,  high  Jc  tunnel  junction  technology 
and  then  to  implementing  this  technology  in  the  fabrication  and  testing  of  a 
NbNi.xCx  Terahertz  oscillator  chip.  A  successful  process  for  reactively  sputter 
depositing  rather  high  quality  NbNi.xCx  (NbN  for  short)  thin  films  at  or  near  room 
temperature  was  developed.  This  room  temperature  deposition  process  was 
required  in  order  to  be  compatible  with  the  entire  fabrication  procedure  for  the 
Terahertz  oscillator  chip,  a  procedure  that  ultimately  involved  a  considerable 
number  of  separate  deposition  and  lithography  steps.  A  trilayer  NbN  -  MgO  -  NbN 
deposition  process  was  then  developed,  which  when  combined  with  a  high 
resolution  photolithography  and  reactive  etching  procedure  resulted  in  the 
formation  of  small  area  (~  2jim2)  high  critical  current  density  (Jc  >  104  A/cm2) 
tunnel  junctions  with  acceptable,  if  not  ideal  I-V  characteristics.  The  successful 
development  of  this  challenging  junction  fabrication  process  was  a  major  milestone 
in  the  research  program. 

With  the  satisfactory  development  of  a  NbN  -  MgO  -  NbN  junction  technology, 
the  research  effort  then  focused  on  the  design  and  fabrication  of  a  Terahertz 
oscillator  test  chip.  This  chip  consisted  of  NbN  Josephson  junction  oscillators 
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capadtively  coupled  to  small  area  (0.1  pm2)  Josephson  junction  detectors.  In  order 
to  separate  out  the  frequency  response  of  the  detector  from  that  of  the  oscillator 
junction,  the  detector  was  chosen  to  be  a  Nb  -  Nb2C>5-  Sn  edge  junction.  The  design 
of  the  device  structure  was  carefully  optimized  to  minimize  local  heating  of  the 
Josephson  osdllator  and  detector  junctions  and  to  maximize  coupling  of  the 
Josephson  oscillator  voltage  to  the  detector  junction.  The  total  Terahertz  Chip 
fabrication  process  involved  more  than  10  thin  film  layers  and  numerous 
fabrication  steps.  After  considerable  efforts  complete  chips  were  successfully 
fabricated  and  extensively  tested. 

The  Josephson  junction  oscillator  tests  were  rather  successful.  The  NbN  tunnel 
junctions  typically  had  Jc  ~  4  x  104  A /cm2  and  were  directly  measured  with  the 
detector  junction  to  produce  an  oscillating  junction  voltage  of  ~  1.5  mV.  The 
detected  rf  voltage  level  was  found  to  remain  essentially  constant  from  300  GHz  to 
above  1  THz.  Typically  the  oscillator  was  found  to  produce  approximately  0.5  pW  of 
Terahertz  radiation  of  which,  due  to  impedance  mismatch,  0.01  pW  was  coupled 
into  the  detector  junction.  This  power  level  is  more  than  adequate  for  the  purposes 
of  a  local  oscillator  in  a  Terahertz  receiver  application.  Of  course  now  that  the 
feasibility  of  a  NbN  based  Terahertz  oscillator  has  been  experimentally  established, 
the  extension  of  this  device  to  a  resonantly  coupled  stripline  array  of  such  junctions 
to  increase  the  output  power  and  narrow  the  oscillator  linewidth,  as  has  been  done 
with  Nb  junctions  at  lower  frequencies,  appears  to  rather  straightforward. 

One  aspect  of  the  oscillator  junction  results  that  was  a  bit  surprising  was  the 
finding  that  the  ac  supercurrent  response  of  the  Josephson  junctions  at  voltages 
(frequencies)  above  the  gap-sum  voltage  (frequency)  did  not  follow  the  predictions 
of  the  widely  accepted  Werthamer  theory  of  the  Josephson  effect.  Instead  the  ac 
supercurrent  amplitude  was  found  to  decrease  much  more  rapidly  as  the  oscillating 
frequency  was  increased  above  the  gap-sum  frequency  than  predicted  theoretically. 


This  measurement  is  actually  in  accord  with  much  earlier,  previously  unexplained, 
results  on  the  ac  response  of  Josephson  junctions  that  were  obtained  in  a  different 
and  less  direct  measurement.  Thus  this  rapid  decrease  in  ac  supercurrent  amplitude 
may  be  rather  general,  but  it  has  not  yet  been  established  whether  the  disagreement 
is  due  to  a  fundamental  problem  with  the  theory  or  to  less  than  ideal  behavior  in 
real  tunnel  junctions.  We  are  continuing  to  search  for  a  successful  explanation  for 
this  observation  and  note  that  it  does  appear  to  limit  the  useful  range  of  Josephson 
junction  oscillators  to  frequencies  not  much  greater  than  the  gap  sum  frequency. 
Since  for  the  best  quality  NbN  junctions  this  upper  limit  is  approximately  at  2.5 
THz,  this  does  not  currently  appear  to  be  a  very  restrictive  limit. 

Following  our  successful  demonstration  of  the  Terahertz  oscillator  chip, 
attention  then  turned  to  the  fabrication  of  a  second  generation,  all  NbN  junction 
chip  that  would  have  permitted  tests  of  the  Josephson  oscillator  to  still  higher 
frequencies  as  well  as  tests  of  several  very  simple  two-junction  coupled  oscillator 
designs.  Unfortunately  equipment  problems  and  the  difficulties  of  maintaining  a 
reliable  MgO  tunnel  barrier  process  prevented  this  effort  from  being  successfully 
completed  before  the  end  of  the  funding  period. 

This  final  effort  did  have  the  effect  of  concentrating  our  attention  onto  the 
properties  of  the  MgO  tunnel  barrier.  From  a  variety  of  analytical  and  tunnel 
junction  studies  of  these  barriers  it  seems  quite  clear  now  that  the  choice  of  an  MgO 
barrier  for  NbN  tunnel  junctions  leaves  quite  a  bit  to  be  desired.  Both  in  our 
experiments  and  in  experiments  performed  elsewhere  it  is  a  general  fact  that  die 
best  results  that  have  been  obtained  with  deposited  MgO  layers  is  considerably  below 
that  which  has  been  obtained  with,  for  example,  Nb20s  barriers  formed  by  thermally 
oxidizing  the  NbN  base  layer.  Of  course  Nt^Os  cannot  be  used  with  a  NbN 
counterelectrode  due  to  its  instability  during  NbN  (or  Nb)  condensation.  The  NbN  - 
MgO  -  NbN  junctions  are  also  quite  inferior  with  regard  to  reproducibility  and 
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quality  when  compared  to  the  almost  universally  used  Nb-(Al)-  AI2O3  -  Nb  junction 
technology.  While  MgO  barriers  were  originally  introduced  with  the  NbN  system 
because  of  the  fairly  close  lattice  match  between  NbN  and  MgO  the  problem  appears 
to  be  that  this  lattice  match  does  not  remove  the  very  strong  effect  on  junction 
properties  caused  by  the  high  level  of  stress  that  is  found  in  sputter  deposited  NbN 
films.  It  appears  that  this  stress,  on  an  atomic  scale,  results  in  structural  instabilities 
in  the  MgO  layer  which  in  turn  results  in  the  formation  of  leakage  paths  through 
the  barrier  and  in  a  considerable  variation  in  barrier  resistances  for  nominally 
identical  junctions.  The  existence  of  these  instabilities  is  directly  seen  in  the 
extremely  high  values  of  excess  low  frequency  or  1/f  noise  that  is  found  in  these 
junctions,  both  those  fabricated  at  Cornell  and  in  several  that  we  tested  that  were 
supplied  by  Dr.  Brian  Hunt  of  JPL.  In  a  separate  experimental  program  we  had 
previously  determined  that  1/f  noise  in  tunnel  junctions  arises  from  atomic  scale 
fluctuations  of  structural  defects  in  the  tunnel  barrier.  Thus  the  fact  that  these  MgO 
barriers  exhibit  1/f  noise  levels  that  are  typically  two  orders  of  magnitude  greater 
than  that  generally  seen  in  the  better  quality  Nb20s  and  AI2O3  tunnel  barriers  is  a 
clear  signal  of  fairly  fundamental  problems  with  the  NbN  -  MgO  -  NbN  tunnel 
junction  technology. 

CONCLUSIONS 

This  research  project  was  intended  to  examine  the  nature  of  the  ac  Josephson 
effect  in  the  Terahertz  frequency  regime  and  to  develop  a  high  critical  current 
density,  small  area,  all  NbN  junction  technology  that  would  be  suitable  for  local 
oscillator  and  perhaps  for  Josephson  mixer  applications  in  the  Terahertz  regime. 

We  have  fabricated  such  junctions  and  have  successfully  demonstrated  Josephson 
oscillator  performance  in  the  frequency  regime  extending  from  300  GHz  to  above  1.5 


THz.  The  results  are  more  than  sufficient  to  show  that  practical  realizations  of 
Josephson  devices  in  this  frequency  regime  can  be  readily  achieved.  While 
departures  from  the  accepted  Josephson  theory  at  frequencies  above  the  gap-sum 
frequency  were  clearly  observed,  the  power  level  and  overall  behavior  of  the 
Josephson  oscillator  below  the  gap-sum  frequency  is  in  quite  reasonable  accord  with 
expectations.  Extensions  of  the  oscillator  results  to  the  case  of  coupled  junction 
arrays  should  be  expected  to  result  in  practicable  oscillators  for  Terahertz  receiver 
systems.  Materials  problems  arising  from  the  choice  of  MgO  for  the  tunnel  barrier 
were  identified  and  attributed  to  structural  instabilities  in  the  tunnel  barrier,  most 
probably  caused  by  the  high  levels  of  stress  in  the  various  thin  film  materials 
comprising  the  tunnel  junction.  A  important  conclusion  to  be  drawn  from  this 
work  is  that  MgO  does  not  appear  to  be  a  fully  satisfactory  answer  to  the  need  for  a 
tunnel  barrier  material  that  is  compatible  with  an  all  NbN  junction  technology. 

The  most  important  step  that  could  be  taken  to  significantly  advance  the  feasibility 
of  Josephson  junction  applications  based  on  NbN  thin  films  would  be  to  undertake 
a  focused  effort  to  develop  an  improved  tunnel  barrier  material  as  a  successful 
substitute  for  MgO. 


PUBLICATIONS 

More  complete  details  of  results  arising  from  this  research  program  can  be  found 
in  the  technical  publications  that  are  appended  to  this  report.  A  very  complete 
report  can  be  found  in  the  Ph.  D.  thesis  of  Dr.  R.  P.  Robertazzi,  Cornell  University, 
Ithaca,  NY  (1990),  unpublished.  Copies  of  this  thesis  can  be  obtained  from  the 
Principal  Investigator  upon  request. 
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JOSEPHSON  TERAHERTZ  LOCAL  OSCILLATOR 


R.  P.  Robertazzi,  R.  A.  Buhnnan 
School  of  Applied  and  Engineering  Physics 
Cornell  University 
Ithaca,  New  York  14853*2501 


Abstract 

Voltage  tunable  Josephson  junction  Terahertz  oscilla- 
>rs  have  been  fabricated  using  rugged,  high  current  density 
fbNi-iC*  tunnel  junctions  with  MgO  barriers.  The  radia- 
on  emitted  from  such  junctions  is-  detected  on  chip  by  a  sec- 
nd  Josephson  junction  which  is  capacitively  coupled  to  the 
rst.  For  oscillator  junctions  with  a  critical  current  density  of 
e  ~  3.5  x  10 4  A/cm2  we  find  that  the  junction  oscillates  with  a 
oltage  amplitude  of  ~  1.5  mV.  The  detected  RF  voltage  level 
emains  essentially  constant  from  300  GHz.  to  above  1  THz, 
tie  upper  limit  of  the  detector.  From  measurements  of  the 
Mephson  step  height  in  the  detector  IV  it  is  determined  that 
he  oscillator  junction  is  producing  0.5  (iW  of  Terahertz  r  edi¬ 
tion  of  which,  due  to  impedance  mismatch,  10  nW  is  coupled 
ito  the  detector  junction. 

Introduction 

The  production  and  detection  of  sub-millimeter  wave  rig- 
als  for  communications  systems  and  radio  astronomy  applica- 
ions  presents  severe  engineering  problems  for  even  state  of  the 
rt  compound  semiconductor  (GaAs)  devices.  For  this  reason 
here  has  been  much  interest  in  the  application  of  Josephson 
mctions  as  high  frequency,  voltage  tunable  oscillators.  Al- 
hough  the  power  available  from  a  single  device  is  low  the  use. 
f  these  devices  in  a  coupled  array  configuration  could  signifi- 
antiy  boost  the  available  power  1 .  The  focus  of  our  research 
rogram  has  been  the  development  of  a  device  in  which  a  high 
urrent  density  NbN1_,C,/MgO/NbNi_,C,  tunnel  junction 
i  capacitively  coupled  to  an  SIS  detector  junction  to  measure 
he  high  frequency  response  of  these  junctions  when  biased  to 
erve  as  local  oscillators.  Our  results  indicate  that  NbNt_,C, 
ructions  can  be  successfully  employed  as  local  oscillators  at 
cquenoes  well  above  1  THz. 

Device  Fabrication 

In  figure  1  is  shown  a  schematic  representation  for  the 
itegrated  thin  film  microstructure  used  in  this  experiment.  It 
snsists  of  two  SIS  devices  coupled  at  RF  frequencies  but  DC 
elated  so  that  each  may  be  individually  biased.  One  junction 
i  a  trilayer  mesa  type  2  formed  with  NbNj_,C«  base  and 
sunter  electrodes  and  an  MgO  barrier.  The  second  junction  is 
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Figure  1:  Integrated  thin  film  microstructure  used  in  the  lo¬ 
cal  oscillator  experiments.  The  bimetallic  layers  are  shown  as 
single  layers  for  clarity.  Vertical  scales  are  greatly  exaggerated. 


an  edge  type  *  utilizing  a  Nb  base  electrode  with  a  native  oxide 
NbjOi  barrier  and  Sn  counter  electrode.  In  normal  operation 
the  mesa  junction  is  biased  to  serve  as  the  local  oscillator  and 
the  edge  junction  serves  as  a  Josephson  RF  detector.  A  Nb-Sn 
detector  junction  anas  used  in  this  experiment  to  permit  the 
study  of  the  response  of  a  Josephson  junction  at  frequencies 
well  in  excess  of  the  gap  sum  frequency. 

The  fabrication  process  starts  with  unoriented  sapphire 
substrates  onto  which  a  bimetallic  Nb/Au  wiring  is  deposited 
using  standard  photolithographic  lift-off  techniques.  Onto 
these  substrates  a  NbNi_gC»/MgO/NbNi_*C*  trilayer  is 
sputtered  without  breaking  vacuum.  NbNj_gC,  is  reaetively 
sputtered  from  a  Nb  target  in  an  Ar/Nj/CH*  ambient  4,5  with 
no  intentional  substrate  heating.  The  films  are  characterized 
by  a  high  transition  temperature  (Te  =  15.5  K)  and  sharp 
transition  width  (AT  ~  0.1  K).  To  obtain  this  result  we  find 
that  very  dose  control  of  the  sputter  gas  ambient  pressure  and 
composition  are  required.  MgO  barriers  are  RF  sputtered  in  a 
10  mimtorr  Ar  ambient. 

After  the  trilayer  deposition  the  films  are  chemically 
etched  to  remove  most  of  the  trilayer  except  for  areas  30  ;im 
square  over  the  active  device  area.  The  final  2  pm  x  2  n  m 
junctions  are  defined  by  reactive  ion  etching  of  the  larger  30 
fim  squares  using  photo  resist  as  a  mask.  The  etch  mask  also 
serves  as  a  lift-off  stencil  for  the  insulation  of  the  sides  and 
base  electrode  of  the  junction  in  a  self  aligning  process  very 
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Figure  2:  Scanning  electron  micrograph  of  generator  -  detector 
device. 


similar  to  the  one  developed  by  Shoji  et.  al.J  After  reactive 
ion  etching  in  a  20%  Oj/CF«  plasma  AljOj  it  electron  beam 
evaporated  and  lifted  off.  AljOj  is  used  as  a  insulator  because 
its  low  dielectric  constant  («a/,o.  =  5)  *  keeps  parasitic  load¬ 
ing  of  the  oscillator  to  a  minimum  After  insulation,  lift-off 
stencils  are  applied  for  wiring  patterns  to  contact  the  counter 
electrode.  The  counter  electrode  is  etched  with  an  ion  mill, 
followed  immediately  by  the  deposition  of  A1  (2000  A)  and  Nb 
(400  A).  The  Al  provides  a  low  strain,  high  thermal  conductiv¬ 
ity  path  away  from  the  junction  which  along  with  the  Au  base 
electrode  wiring  helps  to  minimise  self  heating  of  the  oscilla¬ 
tor  under  bias,  an  important  feature  of  this  design  in  light  of 
the  requirement  of  high  current  density  and  the  relatively  low 
thermal  conductivity  of  NbNi_,Ct.  Once  the  oscillator  con¬ 
tact  process  is  complete  the  Nb  layer  is  chemically  anodized  T 
to  grow  330  A  of  NbjOj,  («/v»,o,  =  29)  *.  This  insulating  layer 
forms  the  dielectric  of  the  coupling  capacitor.  Over  this  1500 
A  of  Nb  is  sputtered,  followed  by  2000  A  of  AljOj.  This  last 
layer  forms  the  base  electrode  for  the  detector  junction.  An  in¬ 
ert  ion  beam  is  used  to  etch  the  edge  of  this  thin  film  stack,  af¬ 
ter  which  a  counter  electrode  stencil  is  applied,  through  which 
the  tunnel  barrier  is  formed  by  reactive  ion  beam  oxidation 
The  counter  electrode  is  deposited  and  lifted  off.  An  SEM 
photo  of  the  completed  device  is  shown  in  figure  2.  Of  course 
through  use  of  NbN)  _,C,  for  the  base  and  counter  electrodes 
the  minimum  operating  temperature  of  the  integrated  oscilla¬ 
tor  -  detector  microstructuze  could  be  raised  to  10  K.  A  typical 
current  •  voltage  (IV)  curve  of  a  high  current  density  gener¬ 
ator  is  shown  in  figure  3a.  The  gap  sum  of  the  detector  (1.8 
mV)  is  somewhat  reduced  from  the  full  theoretical  value  (2 
mV)  because  of  impurities  in  the  Nb  film.  The  generator  gap 
sum  is  reduced  from  5  mV  to  4  mV  because  the  NbNi_,C,  is 
off  stoichiometry.  Figure  3b  shows  the  IV  characteristic  of  the 
detector  junction  taken  with  the  generator  junction  unbiased. 

Equivalent  Circuit 

The  edge  junction  base  electrode  together  with  the  com¬ 
mon  Au  wiring  forms  a  transmission  line  which  is  capad lively 
coupled  to  the  generator.  The  typical  generator  operating  fre¬ 
quency  is  1  THs.  At  this  frequency  the  signal  wavelength  is. 
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Figure  3:  (a)  IV  characteristic  of  generator,  Je  —  3.5  x 
104A/cm*,  Rn  =»  1.3ft.  (b)  IV  characteristic  of  detector. 
Jc  =  2.3  x  10*.4/cmJ,  f?„  »  110ft. 


X  *  130pm  (correcting  for  the  dielectric  constant  of  AljOj ). 
which  is  much  longer  than  the  10  pm  length  of  line  between  the 
generator  and  detector.  Consequently  we  may  approximate  the 
phase  of  the  signal  as  being  constant  over  the  length  of  the  cou¬ 
pling  structure  and  use  a  simple  AC  circuit  to  model  the  device. 
The  equivalent  circuit  is  shown  in  figure  4.  Cc  represents  the 
coupling  capacitor,  L,  and  Cr  the  parasitic  inductance  and  ca¬ 
pacitance  respectively  associated  with  the  coupling  structure. 
For  the  dimensions  shown  in  figure  1  we  have  Ce*  0.7  pf,  L, 
=  .24  ph,  and  C,  »  0.05  pi  This  means  that  at  an  oscillator 
frequency  of  2  THs.,  for  oscillator  impedances  of  ~  1ft,  de¬ 
tector  impedances  of  —  20ft  or  greater,  the  coupling  efficiency 
q  m  Vt/Vt,  where  Vi  is  the  amplitude  of  the  detected  signal 
and  V,  is  the  amplitude  of  the  oscillator  signal  at  the  genera¬ 
tor  approaches  unity.  For  the  device  whose  IV  characteristics 
are  shown,  taking  the  normal  state  resistances  of  the  junctions. 
Rt  m  1.9ft,  R4  m  UOft,  and  q  ~  1.  In  this  design  q  remains 
dose  to  unity  even  for  frequencies  down  to  100  GHs.,  which 
represents  a  range  of  over  a  factor  of  20  in  frequency  over  which 
the  coupling  efficiency  is  Mswiriallj  unity. 

When  DC  biased,  the  generator  will  produce  an  oscillating 
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Figure  4:  Equivalent  circuit  model  of  the  double  tunnel  junc¬ 
tion  device. 

* 

voltage  signal  Vf  at  a  frequency  determined  by  the  Joeephson 
relation 

/  *  2eViu./h.  (1) 

Here  V*,.,  is  the  average  voltage  across  the  junction.  Vf  will 
be  determined  by  the  total  capacitive  loading  of  the  generator. 
When  the  McCumber  parameter  0C  defined  by  * 

0c  »  (2 e/1i)(I'R.)(RnC)  (2) 

is  less  than  unity  the  junction  is  not  capadtivdy  shunted  and 
the  mtrimum  Vf  obtainable  is  approximately  ICR,,  at  least  for 
Vj,«  <  2A. 

At  T  a  0  the  Ic&*  product  is  related  to  A  through 
Ambegaokar-Baratoff *®  relation 

I.X.  -  If  (3) 

Thus  larger  oscillator  signal  amplitudes,  as  well  as  higher  fre¬ 
quencies,  are  possible  with  higher  A  materials.  This  is  part 
of  the  motivation  in  the  choice  of  NbNt_sC,  for  the  genera¬ 
tor  base  and  counter  electrodes.  The  capacitance  in  expression 
(2)  is  the  total  capacitance  seen  by  the  generator  at  the  oscil¬ 
lation  frequency  which  by  design  of  the  coupling  structure  is 
dominated  by  the  junction  capacitance.  For  a  deposited  MgO 
barrier  10  A  thick  this  capacitance  is  C  *  0.3  pf  assuming 
«Mf o  *  9.7  *.  This  gives  0e(gen)  m  9  so  the  generator  is 
partially  shunted  and  its  IV  characteristic  is  hysteretic.  The 
degree  of  hysteresis  shown  in  figure  3a  is  consistent  with  nu¬ 
merical  estimates. 

Oscillator  Performance 

When  the  generator  is  DC  biased  and  if  it  emits  radiation 
of  sufficient  power  constant  voltage  steps  will  be  induced  in  the 
IV  of  the  detector  at  integral  multiples  of  Vi**  **-  Figure  5 
shows  the  detector  characteristic  with  the  generator  biased  at 
1.000  mV.  The  N«1  and  N  ■  2  steps  are  dearly  visible,  as 
well  as  the  depression  of  the  super  current  (N  »  0  step).  The 
detector  sees  at  RF  frequencies  a  low  impedance  generator, 
consequently  it  is  appropriate  to  model  the  detector  as  being 
driven  by  an  RF  voltage  source.  According  to  the  voltage 
biased  theory  13  the  sise  of  the  Nth  induced  step  is  given  by 

A  In  m  fe|«fw(a)j.  (4) 


V,  mV 

Figure  3:  IV  chmracteristic  of  detector  junction  with  generator 
biased  at  Vii«(  *  1.090  mV.  The  N  *  1  and  N>2  Josephson 
steps  are  marked,  as  is  the  supercurrent  (N  *  0). 


Here  a  ■  2eVt/hf  m  Vt/V^,,  and  7/v(r)  is  the  Bessel  function 
of  the  first  kind  of  order  N.  For  the  steps  on  the  detector  IV 
in  figure  S  both  the  generator  and  detector  critical  currents 
were  suppressed  by  a  magnetic  field  used  to  allow  biasing  the 
generator  at  this  low  frequency.  The  detected  power  is  thus 
reduced.  By  taking  the  ratio  of  the  current  widths  of  the  N  = 
0  and  N«1  steps  and  using  equation  (4)  we  may  solve  for  a. 
This  is  mote  accurate  than  applying  equation  (4)  directly  since 
flax  trapping  makes  the  precise  determination  of  h  difficult. 

Assuming  a  coupling  efficiency  of  unity  we  find  V,  =  1.34 
mV,  38  %  of  the  maximum  value  of  2.60  mV  set  by  the  lcR 
product  in  the  low  0C  limit.  While  according  to  equation 
(2)  to  achieve  the  0€  ~  1  Emit  a  critical  current  density  of 
Jc  ■  3  x  10 *A/em*  is  required  we  find  that  with  a  hysteretic 
IV  characteristic  and  a  generator  critical  current  density  of 
Jc  m  3.5  x  104  A/cm*  an  RF  power  of  12  aW  is  being  cou¬ 
pled  into  the  UOfl  detector  junction.  This  corresponds  to  a 
peak  generator  power  of  Vf  J/2R,  -  0.6  pW  which  is  poorly 
coupled  into  the  detector  because  of  the  large  impedance  mis¬ 
match  (30  :  1)  of  the  detector  and  generator.  Thus  we  find 
that  single,  unshunted  tunnel  junctions  can  emit  a  comparably 
high  level  of  submillimeter  wave  radiation  even  when  the  crit¬ 
ical  current  density  /,  ~  10 4  A/cm*  is  such  that  the  junction 
is  partially  hysteretic  and  0e  >  1. 

Generator  Saif  Hast  lag 

In  derigniag  the  biasing  structure  the  self  hearing  of  the 
generator  junction  under  bias  and  the  local  rise  in  temperature 
at  the  detector  are  important  ronridereboos  A  measurement 
of  the  effectiveness  of  the  biasing  structure  as  a  heat  «"lr  can 
be  obtained  by  comparing  the  IV  characteristic  of  the  genera- 
tor  with  the  sample  cell  filled  with  He  gas  and  than  filled  with 
He  liquid  *0  improve  thermal  contact  to  the  bath.  We  have  ob¬ 
served  negligible  changes  in  the  gap  sum  voltage  under  these 
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two  conditions  and  conclude  that  self  suppression  effects  of  the 
generator  are  small  at  these  current  densities,  assuming  that, 
as  is  generally  the  case,  heat  transport  away  from  the  junction 
is  substantially  increased  by  the  presence  of  liquid  He.  Another 
means  of  examining  device  heating  is  to  monitor  the  local  tem¬ 
perature  at  the  detector  by  measuring  the  Sn  gap  as  a  function 
of  power  dissipation  of  the  generator.  At  a  bath  temperature 
of  1.5  K,  we  find  that  biasing  the  generator  at  24  ttW  will  raise 
the  temperature  of  the  detector,  which  is  only  12  n m  from  the 
generator,  2.2  Iv  when  only  He  exchange  gas  is  present  in  the 
sample  cell.  With  liquid  He  in  the  cell  more  than  5.5  times 
more  power  is  required  to  produce  the  same  temperature  rise. 
When  biased  at  the  gap  edge  the  generator  dissipates  7.5  p  W, 
so  with  liquid  introduced  into  the  cell  adequate  heat  sinking 
should  be  obtainable  with  generator  current  densities  well  into 
the  10 tA/em2  range.  Of  course  it  is  possible  that  if  the  heating 
is  more  localized  self  heating  of  the  oscillator  could  begin  to 
be  a  problem  in  this  higher  current  density  range.  Since  our 
experiments  demonstrate  that  Je~*  5  x  104  A/cm1  is  adequate 
for  Terahertz  operation  this  should  not  be  a  concern.  Using 
an  all  NbNi_,C,  detector  junction  would  further  reduce  the 
effects  of  small  temperature  rises  on  detector  performance. 

High  Frequency  Pair  Current  Response 

:  We  have  measured  the  frequency  dependence  of  the  pair 
current  response  as  the  generator  bias  is  tuned  through  the  gap 
sum  of  the  detector.  At  frequencies  approaching  and  in  excess 
of  the  gap-sum  the  expression  (4)  is  no  longer  valid  and  the  full 
high  frequency  theory  which  takes  into  account  the  frequency 
dependence  of  the  pair  current  must  be  used  u.  With  the  ap¬ 
plication  of  the  frequency  dependent  theory  we  find  good  gen¬ 
eral  agreement  with  experiment  up  to  the  gap  sum  frequency 
but  above  this  frequency  the  the  Josephson  response  decays 
much  more  rapidly  than  is  predicted  by  the  theory.  These  re¬ 
sults  are  consistent  with  previous  measurements  we  have  made 
on  even  more  closely  coupled  tunnel  junctions  14.  Our  results 
do  indicate  that  the  generator  with  its  higher  gap  sum  is  func¬ 
tioning  at  frequencies  at  least  up  to  1.4  THz.  Experiments 
with  a  higher  gap  sum  detector  junction  are  now  in  progress 
to  examine  this  ultra  high  frequency  limit  in  more  detail. 

Conclusions 

In  conclusion,  we  have  designed,  developed,  and  fabricated 
an  integrated  thin  film  microstructure  for  the  study  of  the  per¬ 
formance  of  high  current  density,  unshunted  Josephson  tunnel 
junctions  as  high  frequency  local  oscillators.  The  local  oscil¬ 
lator  is  directly  coupled  to  the  detector  by  an  RF  capacitor, 
to  achieve  highly  efficient  broad  band  coupling.  We  have  suc¬ 
ceeded  in  coupling  nearly  80%  of  the  m^mimi  LO  voltage 
signal  available  into  an  SIS  detector  junction  over  a  frequency 
range  from  300  GHz.  to  1.0  above  THz.  The  incorporation  of 
an  all  refractory  detector  junction  into  the  device  would  raise 
the  minimum  operating  temperature  to  10  K,  in  the  range  of 
closed  cycle  He  refrigerators.  Furthermore,  there  is  a  possibil¬ 
ity  of  modifying  this  device  for  Terahertz  heterodyne  mixing 
applications. 
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1.  Abstract 

Recent  coupled  Joeephson  junction  experiments  in  our  lab¬ 
oratory  have  demonstrated  that  high  critical  current  density 
tunnel  junctions  can  serve  as  effective  local  oscillators  at  fre¬ 
quencies  up  to  and  in  excess  of  the  gap  sum  frequency  of  the 
junction,  i.e.  well  above  1  Terahertz  for  a  niobium  or  niobium 
compound  tunnel  junction.  While  the  details  of  the  behavior  of 
such  a  THz.  oscillator  were  found  not  to  be  in  accord  with  the 
predictions  of  the  accepted  theory  of  the  A.C.  Josephaon  effect 
in  the  gap  region  significant  radiation  could  be  capadtively 
coupled  from  the  oscillator  junction  to  an  adjacent  junction, 
sufficient  for  SIS  mixer  experiments  at  Terahertz  frequencies. 
Research  efforts  are  now  under  way  to  further  extend  and  ex¬ 
pand  these  studies.  A  high  critical  current  density  all  NbN 
tunnel  junction  system  is  now  under  development  for  Terahertz 
applications  and  a  new  set  of  coupled  Josephaon  oscillator  •  SIS 
detector  experiments  is  being  initiated  using  NbN  tunnel  junc¬ 
tions.  In  this  paper  we  will  review  the  original  coupled  junction 
high  frequency  experiments  and  report  on  the  recent  progress 
of  the  current  NbN  tunnel  junction  experiments. 

2.  Introduction 

The  production  and  detection  of  sub-millimeter  wave  sig¬ 
nals  for  communications  systems  and  radio  astronomy  appli¬ 
cations  presents  severe  engineering  problems  for  even  state  of 
the  art  compound  semiconductor  (GaAs)  devices.  SIS  tunnel 
junctions  used  as  mixers  have  been  demonstrated  to  show  supe¬ 
rior  performance  over  semiconductor  (Super  Schottky)  mixer 
elements  for  frequencies  less  than  100  GHz.  Theoretical  pre¬ 
diction!  indicate  that  quantum  limited  detection  sensitivity  is 
poerible  in  high  quality  SIS  devices  at  theas  and  higher  fre¬ 
quencies.  Our  research  program  has  focussed  on  several  goals. 
We  have  investigated  the  high  frequency  yesr  current  response 
of  a  Josephaon  tunnel  junction  for  use  as  a  local  oscillator  for 
heterodyne  detection  of  THs.  signals.  These  experiments  will 
be  described  in  the  next  section.  Currently,  we  are  also  de¬ 
veloping  all  refractory,  high  current  density  Josephaon  tunnel 
junctions  for  local  oscillator  experiments  at  higher  frequencies. 
Refractory  junctions  are  desirable  because  their  durability  al¬ 
lows  them  to  survive  post  junction  fabrication  processing  so 
they  may  be  incorporated  into  practical,  very  high  frequency 
detection  circuits. 

3.  Previous  Experiments 
Our  previous  work  involved  the  fabrication  of  a  device 
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Figure  1.  Double  coupled  tunnel  junction  device  in  cross  sec¬ 
tion  and  from  top  view. 


which  consisted  of  two  high  current  density  capadtively  cou¬ 
pled  tunnel  junctions  shown  in  figure  1.  The  device  consists 
of  two  junctions  formed  on  the  edges  of  a  thin  film  stack  [lj. 
The  capacitive  coupling  arises  through  the  thin  500A  layer  of 
AljOj  separating  the  base  Nb  electrodes.  Reactive  ion  beam 
oxidation  was  used  to  form  the  tunnel  barrier,  over  which  the 
counter  electrode  was  deposited  (Sn  in  this  case).  The  equiva¬ 
lent  circuit  model  of  this  device  is  shown  in  figure  2. 

For  a  Josephaon  tunnel  junction  to  serve  as  an  effective 
local  oscillator  (LO)  its  capadtive  shunt  impedance  must  be 
higher  than  its  normal  state  impedance  JL»  at  the  desired  LO 
frequency,  and  its  dynamic  impedance  at  the  bias  point  should 
be  as  low  as  possible  for  s  narrow  oscillator  line  width.  This 
necessitates  the  fabrication  of  high  current  density  junctions 
or  alternatively  resistively  shunting  the  junction  which  reduces 
the  LO  power  and  leads  to  the  requirement  of  fabricating  junc¬ 
tion  arrays.  For  LO’s  the  McC umber  parameter  /?«,  defined  by 

fit  -  (2e/WItR,)(RnC)  (1) 

is  constrained  to  be  less  than  1.  Here  Ic  is  the  critical  current, 
aad  C  is  the  junction  capadtance.  By  biasing  the  the  device 
with  a  constant  D.C.  current  an  average  D.C.  voltage  Vkl.,  will 
develop  across  the  junction.  In  accord  with  the  A.C.  Josephson 
effect,  an  A.C.  voltage  will  develop  across  the  junction,  the 
frequency  of  the  oscillation  being  determined  by  the  Josephson 
relation 
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Figure  2.  Equivalent  circuit  schematic  for  the  double  tunnel 
junction  device. 


«  *  2 eVn../h.  (2) 

The  junction  biased  in  this  manner  is  a  voltage  controlled  os¬ 
cillator  where  the  voltage  to  frequency  conversion  is  2 t/h  “ 
0.484 TBx./mV. 

We  have  measured  the  LO  power  output  as  a  function  of 
frequency  using  our  double  tunnel  junction  device.  As  a  con¬ 
sequence  of  the  A.C.  Joeephson  effect,  an  A.C.  signal  coupled 
into  a  junction  will  be  mixed  down  to  O.C.  and  appear  as  a 
constant  voltage  current  step  in  the  current  -  voltage  (IV)  char¬ 
acteristic.  The  size  of  the  step  can  be  related  to  the  oscillator 
power  coupled  into  the  device.  Referring  to  figure  2,  in  our 
experiment  Jj  was  biased  to  serve  as  the  LO  and  J\  was  used 
as  the  detector.  The  measured  power  output  of  J*  as  a  func¬ 
tion  of  frequency  is  shown  in  figure  3.  For  this  particular  set 
of  junctions  12.S  nW  was  coupled  into  J\  at  0.73  THs. 

The  theoretical  frequency  dependence  of  LO  power  for  low 
/?t  junctions  for  frequencies  approaching  the  gap  sum  frequency 
is  complex  and  not  in  agreement  with  our  measurements  for 
frequencies  in  excess  of  the  gap  sum,  >  Ai  +  A*  A 
more  precision  measurement  of  the  frequency  dependence  of 
LO  power  in  this  region  will  be  the  focus  of  future  experi¬ 
ments.  However,  for  frequencies  less  than  or  equal  to  the  gap 
sum  frequency  our  experimental  results  do  agree  reasonably 
well  with  calculations  based  on  the  high  frequency  pair  cur¬ 
rent  theory.  In  this  frequency  regime  both  experiment  and 
calculation  verify  that  the  maximum  signal  amplitude  of  the 
LO  is  well  approximated  by  the  ItRn  product,  i.e. 

Vt o  ~  (A  <  1).  (3) 

For  an  ideal  Joaephsou  junction  this  value  is  related  to  the 
energy  gap 

hRn  -  §f  •  (4) 

Eqn.  (4)  implies  that  LO  power  may  be  increased  by  using 
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Figure  3.  Measured  local  oscillator  signal  strength  Vio  vs. 
Vw 

large  A  materials,  in  addition  to  raising  the  operat¬ 

ing  frequency  of  the  device,  /lwMI  *  4A. 

4.  Current  Research 

Our  current  research  program  in  NbN  films  fee  use  in 
high  current  density  Joeephson  tunnel  junctions  was  motivated 
by  the  desire  to  achieve  higher  operating  frequendea  and  LO 
power  outputs,  aa  well  by  practicality.  Edge  junction  devices 
with  soft  counter  electrodes  end  native  osdde  barriers  are  excel¬ 
lent  research  tools  but  lack  the  mggedness  to  survive  poet  junc¬ 
tion  fabrication  pm  freeing  needed  to  incorporate  the  devices 
into  useful  circuits,  i.e.  real  world  electronics.  Furthermore, 
the  fabrication  of  Joeephson  junctions  with  high  Tc  electrodes 
(Te  ~  18 *K)  would  allow  operation  at  10*K,  within  the  limits 
of  closed  cycle  refrigerators. 

Our  NbN  films  are  produced  by  the  reactive  sputtering  of 
Nb  in  an  atmosphere  of  Ar,  Nj,  and  CH«.  The  films  are  sput¬ 
tered  with  no  intentional  substrate  heating  at  a  rate  of  approx¬ 
imately  40A/mc.  Films  produced  in  this  way  are  smooth  and 
have  high  transition  temperatures.  Figure  4  shows  a  resistance 
v.s.  temperature  plot  of  a  typical  NbN  film.  The  film  has  a 
transition  temperature  T«  m  13.5JC,  a  transition  temperature 
width  AT' m  0.1  A'  and  a  residual  resistance  ratio  RRR  m  0.96. 
The  narrow  transition  temperature  width  is  important  for  the 
fabrication  of  high  quality  junctions  with  small  dynamic  re¬ 
sistance  at  the  gap  edge  because  a  distribution  in  transition 
temperatures  implies  s  distribution  in  the  superconducting  en¬ 
ergy  gap.  If  this  smearing  in  A  is  present  in  the  tunnel  junction 
near  the  barrier  the  sharpness  of  the  IV  curve  at  the  gap  edge 
will  be  reduced.  Since  it  is  desirable,  both  for  mixing  and  LO 
signal  production,  to  keep  the  rice  in  current  at  the  gap  edge 
as  sharp  as  possible  highly  uniform  films  are  desirable. 

In  our  all  refractory  junction  proceaa  MgO  is  sputtered  to 
form  the  artificial  tunnel  barrier.  Our  process  is  quite  similar 
to  others  developed  previously.  A  NbN/MgO/NbN  trilayer  is 
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sputtered,  without  breaking  vacuum  over  a  sapphire  wafer  with 
Au  contact  pads  previously  deposited.  The  trilayer  is  etched, 
first  with  a  wet  etch  and  then  with  RIE  to  define  the  2p  x  2/i 
junctions.  AljO)  is  used  to  insulate  the  junction  sides  and 
base  electrode  wiring.  Further  photolithography  defines  the 
counter  electrode  wiring,  which  is  typically  Cu  or  Al  to  aid 
in  the  removal  of  heat  from  the  junction  while  the  junction  is 
biased.  The  entire  process  is  shown  schematically  in  figure  5. 

Some  typical  junction  characteristics  are  shown  in  figure 
6.  Figure  6a  shows  the  IV  characteristic  of  a  junction  with  a 
critical  current  density  5  x  10*  A/cm*,  Vm  m  12mV.,  and 

2A  ■  4.1  mV.  Figure  6b  shows  the  IV  of  a  higher  current  den¬ 
sity  junction,  »  4  x  104 A/cm1,  Vm  ■  4 mV.,  and  2A  *  4m V. 

Future  process  work  will  concentrate  on  raising  2A,  Vm,  and 
Jt.  We  have  subjected  these  devices  to  poet  junction  fabri¬ 
cation  photolithographic  processing  as  well  as  thermal  cycling 
between  300  K  and  4.2  K,  and  have  found  them  to  be  quite 
durable. 

Our  ultimate  goal  is  to  produce  high  quality  junctions 
with  a  critical  current  density  of  5  x  10*  A/cm*  so  &  <  1.  Of  Figure  5.  Fabrication  process  for  all  refractory  N'bN/MgO/NbN 
course  in  such  high  current  density  junctions  non-equilibrium  josephson  tunnel  junctions, 
and  local  heating  problems  will  likely  be  a  serious  concern. 

But  previous  experiments  in  our  laboratory  with  small  area, 

high  current  density  tunnel  junctions  have  shown  that  such  r 

effects  can  be  alleviated  through  the  use  of  efficient  fan-out  ^ l2e/p.*.(Vo)cot4(0eVo)  + 

geometries  that  permit  the  rapid  diffusion  of  non-equilibrium  i 

quasiparticles  from  the  active  junction  area.  eIqf{V9)cath(0eV9/2)  +  2«/q,_p,„(  V#)coth(0eV,)j  (5) 

Our  initial  experimental  goal  is  to  use  these  high  current  Here  Ip„r,  and  are  the  pair,  quasiparticle 

density  junctions  to  make  more  precise  and  unambiguous  mea-  ^d  quasiparticle  -  pair  interference  currents  at  a  voltage  V0 
suremente  of  the  pair  current  response  of  a  Joeephson  tunnel  respectively.  R4  is  the  dynamic  resistance  of  the  device  at  the 
junction  at  frequencies  dose  to  and  greater  than  the  gap  sum.  biM  y,  and  0  «  1/*»T.  Since  the  lincwidth  is  propoc- 
We  propose  to  establish  the  suitability  of  such  junctions  for  use  ,ioMl  to  tbe  ^  tb,  dynamic  reristance  it  is  dear  that  the 

•e  LO’e  for  heterodyne  mixing  of  THs.  signals.  The  line  width  mQat  {kvorable  operating  point  for  a  junction  biased  to  serve  as 
of  a  Josephson  junction  oscillator  biased  at  a  D.C.  voltage  V#  ,  oscillator  is  at  the  gap  edge  where  is  smallest.  Using 
has  the  theoretical  form  (2]:  device  parameters  that  we  have  achieved  for  NbN/MgO/NbN 
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2  mV.  — 


(b) 

Figure  6.  [V  characteristics  of  several  junctions;  (a)  Jc  = 
5  x  101  A/cm1  (b)  /,*♦*  10*  A/cm1. 


In  conclusion,  we  have  investigated  the  feasibility  of  using 
high  current  density  Josephson  tunnel  junctions  as  very  high 
frequency  local  oscillators.  Experiments  with  capacitively  cou¬ 
pled  junctions  demonstrate  that  sufficient  power  can  be  cou¬ 
pled  out  of  the  junctions  at  frequencies  in  excess  of  1  THz.  We 
have  developed  an  all  refractory  NbN/MgO/NbN  tunnel  junc¬ 
tion  process  to  raise  both  the  LO  power  output  and  frequency, 
as  well  as  the  operating  temperature  of  the  device  to  the  10  K 
range.  Future  work  will  include  raising  the  current  density  of 
these  junctions  as  well  as  capacitively  coupling  them  to  a  sec¬ 
ond  junction  to  extend  our  measurements  of  LO  power  output 
to  frequencies  above  2  THz. 
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tunnel  junctions  biased  at  the  gap  edge,  R4  »  2ft,  T  ■  10  K 
and  Ic  *  200 ft  A  we  find  that 


-  4  x  10~*  (6) 

w-J.STHi. 

which  should  be  suitable  for  mixing  down  to  an  IF  frequency 
of  100  GHz.  With  a  factor  of  10  reduction  of  R4  at  the  gap 
edge,  which  is  not  an  unreasonable  goal  the  line  width  would 
be  further  reduced  by  a  factor  of  100.  Such  a  reduction  in  R4 
could  probably  be  achieved  through  the  fabrication  of  junctions 
with  improved  characteristics,  or  through  the  use  of  a  stripline 
resonator  or  junction  arrays. 
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Rugged,  high  current  density,  NbN(C)/MgO/NbN(C)  tunnel  junctions  have  been  fabricated 
and  tested  as  voltage  tunable  Joeephson  junction  terahertz  oscillators.  The  emitted  radiation 
from  these  junctions  is  detected  on  chip  by  a  second  junction  which  is  capacitively  coupled 
to  the  first.  For  oscillator  junctions  with  a  critical  current  density  of  Jc  ~  4  x  10* A/cm3 
we  find  that  the  junction  oscillates  with  a  voltage  amplitude  of  ~  1.5  mV.  The  detected  RF 
voltage  level  remains  essentially  constant  from  300  GHz.  to  above  1  THz.  The  oscillator 
junction  is  producing  0.5pW  of  terahertz  radiation  of  which,  due  to  impedance  mismatch, 
.OlplV  is  coupled  into  the  detector  junction. 


For  some  time  there  has  been  much  interest  in  the 
application  of  Joeephson  junctions  as  high  frequency, 
voltage  tunable  oscillators.  Although  the  power  avail¬ 
able  from  a  single  device  is  somewhat  limited  the  use 
of  these  devices  in  a  coupled  array  configuration  could 
significantly  boost  the  available  power  [1].  A  Joeeph¬ 
son  junction  local  oscillator  incorporated  into  a  millime¬ 
ter  and  sub-millimeter  wave  receiver  system,  perhaps  in 
conjunction  with  a  superconductor  -  insulator  -  super¬ 
conductor  (SIS)  mixer  junction  [2],  is  quite  attractive. 
In  order  to  maximise  both  the  oscillation  frequency  and 
power  output  of  such  oscillators  high  current  density 
tunnel  junctions  with  large  superconducting  energy  gaps 
must  be  employed.  NbN  tunnel  junctions  appear  attrac¬ 
tive  for  this  application  because  of  the  large  energy  gap 
of  NbN  as  well  as  its  high  transition  temperature  which 
would  allow  operation  in  dosed  cycle  refrigerators.  Thus 
questions  are  raised  concerning  the  successful  fabrica¬ 
tion,  cooling,  and  oscillation  behavior  of  high  current 
density  NbN  tunnel  junctions.  In  this  paper  we  report 
on  a  capacitively  coupled  Joeephson  oscillator  -  Joeeph¬ 
son  detector  experiment  that  addresses  these  questions 
and  that  demonstrates  that  NbN  junctions  can  be  suc¬ 
cessfully  employed  as  local  oscillators  at  frequencies  well 
above  1  The. 

The  schematic  for  the  integrated  thin  film  mi¬ 
crostructure  used  in  this  experiment  is  shown  in  figure 
1.  It  consists  of  two  SIS  devices  coupled  at  RF  frequen¬ 
cies  but  DC  isolated  so  that  each  may  be  individually 
biased.  One  junction  is  a  mesa  type  [3]  formed  with 
NbN(C)  [4,5]  base  and  counter  electrodes  and  an  MgO 
barrier.  The  second  junction  is  an  edge  type  (6]  utilizing 
a  Nb  base  electrode  with  a  native  oxide  NbjO*  barrier 
and  Sn  counter  electrode.  In  normal  operation  the  mesa 
junction  is  biased  to  serve  as  the  local  oscillator  and 
the  edge  junction  serves  as  a  Joeephson  RF  detector.  A 
Nb-Sn  detector  junction  was  used  in  this  experiment  to 
permit  the  study  of  the  response  of  a  Joeephson  junction 
at  frequencies  well  in  excess  of  the  gap  sum  frequency. 
Details  of  those  particular  observations  as  well  as  the 
complete  fabrication  process  for  the  device  will  be  re¬ 


ported  elsewhere;  here  we  focus  on  the  performance  of 
the  NbN  oscillator  junction. 

A  typical  curtent  -  voltage  (IV)  curve  of  a  high  cur¬ 
rent  density  generator  is  shown  in  figure  2a.  The  gap  sum 
sum  of  the  detector  (1.8  mV)  is  somewhat  reduced  from 
full  theoretical  value  (2  mV)  because  of  impurities  in  the 
Nb  film.  The  generator  gap  sum  is  reduced  from  5  mV 
to  4  mV  because  the  NbN(C)  is  off  stoichiometry.  The 
edge  junction  base  electrode  together  with  the  common 
Au  wiring  forms  a  transmission  line  which  is  capacitively 
coupled  to  the  generator.  The  typical  generator  operat¬ 
ing  frequency  is  1  Thz.  At  this  frequency  the  signal 
wavelength  is  1  =  130  pm  (correcting  for  the  dielectric 
constant  of  AljOj,  «xi,o,  =  5  [7]),  which  is  much  longer 
than  the  lOp  length  of  line  between  the  generator  and 
detector.  Consequently  we  may  approximate  the  phase 
of  the  signal  as  being  constant  over  the  length  of  the  cou¬ 
pling  structure  and  use  a  simple  AC  circuit  to  model  the 
device.  The  equivalent  circuit  is  shown  in  figure  3.  Cc 
represents  the  coupling  capacitor,  Lp  and  Cr  the  para¬ 
sitic  inductance  and  capacitance  respectively  associated 
with  the  coupling  structure.  For  the  dimensions  shown 
in  figure  1  we  have  Ce=  0.7  pf,  L,  =  .24  ph,  and  Cp 
»  0.05  pf.  This  means  that  at  an  oscillator  frequency 
of  2  Thz.,  for  oscillator  impedances  of  —  If],  detector 
impedances  of  —  20f]  or  greater,  the  coupling  efficiency 
rj  =  VfJVf,  where  V4  is  the  amplitude  of  the  oscillator 
signal  across  the  detector  and  V0  is  the  amplitude  of  the 
oscillator  signal  at  the  generator  approaches  unity.  For 
the  device  whose  IV  characteristics  are  shown,  taking 
the  normal  state  resistances  of  the  junctions,#,  =  1.9ft, 
R4  s  110ft,  and  ij  ~  1.  Furthermore  r?  remains  close  to 
unity  even  for  frequencies  down  to  100  GHz.,  wAicA  rep¬ 
resents  s  range  of  over  s  factor  of  tO  in  frequency  over 
which  the  coupling  efficiency  is  essentially  unity. 

When  DC  biased,  the  generator  will  produce  an  os¬ 
cillating  voltage  signal  Vt  at  a  frequency  determined  bv 
the  Joeephson  relation 

/  ss  2cVmm/A.  (1) 


16 


Figure  1:  Integrated  thin  film  microstructure  used  in 
the  local  oscillator  experiments.  The  bimetallic  layers 
are  shown  as  single  layers  for  clarity.  Vertical  scales  are 
greatly  exaggerated. 


Here  V is  the  average  voltage  across  the  junction.  Vt 
will  be  determined  by  the  total  capacitive  loading  of  the 
generator.  When  the  McCumber  parameter  0e  defined 
by  (8) 

0C  =  (2  e/h)(IeR)(RC)  (2) 

is  less  than  unity  the  junction  is  not  capacitively  shunted 
and  the  maximum  V,  obtainable  is  approximately  Ie  Rt, 
at  least  for  V*,.,  <  2A.  Because  the  ICR  product  is 
proportional  to  A,  larger  oscillator  signal  amplitudes,  as 
well  as  higher  frequencies,  are  possible  with  higher  A 
materials.  This  is  part  of  the  motivation  in  the  choice  of 
NbN(C)  for  the  generator  base  and  counter  electrodes. 
The  capacitance  in  expression  (2)  is  the  total  capacitance 
seen  by  the  generator  at  the  oscillation  frequency  which 
by  design  of  the  coupling  structure  is  dominated  by  the 
junction  capacitance.  For  a  deposited  MgO  barrier  10  A 
thick  this  capacitance  is  C  =  0.3  pf  assuming  <u,o  =  9.6 
[3].  This  gives  0e(gcn)  =  5.8  so  the  generator  is  partially 
shunted  and  its  IV  characteristic  is  hysteretic. 

When  the  generator  is  DC  biased  and  if  it  emits  ra¬ 
diation  of  sufficient  power  constant  voltage  Shapiro  steps 
will  be  induced  in  the  IV  of  the  detector  at  integral  mul¬ 
tiples  of  Vfca*  [9].  Figure  2b  shows  the  detector  char¬ 
acteristic  with  the  generator  biased  at  1.090  mV.  The 
N  =  1  and  N  =  2  steps  are  clearly  visible,  as  well  as  the 
depression  of  the  supercurrent  (N  =  0  step).  The  detec¬ 
tor  sees  at  RF  frequencies  a  low  impedance  generator, 
consequently  it  is  appropriate  to  model  the  detector  as 
being  driven  by  an  RF  voltage  source.  According  to  tbe 
voltage  biased  theory  [10]  the  size  of  the  Nth  induced 
step  is  given  by 


A  Is  =  Z,|jjv(o)|. 


(3) 


Here  a  -  2eVd/hf  =  and  J/v(r)  is  the  Bessel 

function  of  the  first  kind  of  order  N.  For  the  steps  on  the 
detector  IV  in  figure  2b  both  the  generator  and  detector 


V,  mV 


Figure  2:  (a)  IV  characteristic  of  generator,  Je  =  3.5  x 
104  A/cm2,  Rn  «  1.90.  (b)  IV  characteristic  of  detector, 
Je  =  2.3  x  10 3 A/cm3,  R „  =  110O  with  generator  biased 
at  Vu-  =  1.090  mV.  The  N  =  1  and  N  »  2  Josephson 
steps  are  marked,  as  is  the  supercurrent  (N  =  0). 


critical  currents  were  suppressed  by  a  magnetic  field  used 
to  allow  biasing  the  generator  at  this  low  frequency.  The 
detected  generated  power  is  thus  reduced.  By  taking  the 
ratio  of  the  current  widths  of  the  N  =  0  and  N  =  1  steps 
and  using  equation  (3)  we  may  solve  for  a.  This  is  more 
accurate  than  applying  equation  (3)  directly  since  flux 
trapping  makes  the  precise  determination  of  Ic  difficult. 

Assuming  a  coupling  efficiency  of  unity  wc  find 
Vf  =  1.54  mV,  58  %  of  the  maximum  value  of  2.66  mV 
set  by  the  ItR  product  in  the  low  0t  limit.  While  accord¬ 
ing  to  equation  (2)  to  achieve  the  0t  ~  I  limit  a  critical 
current  density  of  J,  =  3  x  IQ*  A/cm3  is  required  we  find 
that  with  a  hysteretic  IV  characteristic  and  a  generator 
critical  current  density  of  Je  =  3.5  x  IQ*  A /cm3  an  RF 
power  of  12  nW  is  being  coupled  into  the  1  lOfl  detector 
junction.  This  corresponds  to  a  peak  generator  power  ol 
V,  J/2 Rt  =  0.6  nW  which  is  poorly  coupled  into  the  de¬ 
tector  because  of  the  large  impedance  mismatch  (50  :  1 ) 
of  the  detector  and  generator.  Thus  the  requirement  on 
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Figure  3:  Equivalent  circuit  model  of  the  double  tunnel 
junction  device. 

Je  for  a  relatively  high  oscillator  power  level  appears  not 
to  be  severe. 

In  designing  the  biasing  structure  the  self  heating 
of  the  generator  junction  under  bias  and  the  local  rise 
in  temperature  at  the  detector  are  important  considera¬ 
tions.  A  measurement  of  the  effectiveness  of  the  biasing 
structure  as  a  heat  sink  can  be  obtained  by  comparing 
the  IV  characteristic  of  the  generator  with  the  sample 
cell  filled  with  He  gas  and  then  filled  with  He  liquid  to 
improve  thermal  contact  to  the  bath.  We  have  observed 
negligible  changes  in  the  gap  sum  voltage  under  these 
two  conditions  and  conclude  that  self  suppression  effects 
of  the  generator  are  small  at  these  current  densities,  as¬ 
suming  that,  as  is  generally  the  case,  heat  transport  away 
from  the  junction  is  substantially  increased  by  the  pres¬ 
ence  of  liquid  He.  We  may  monitor  the  local  temperature 
at  the  detector  by  measuring  the  Sn  gap  as  a  function 
of  power  dissipation  of  the  generator.  At  a  bath  tem¬ 
perature  of  1.5  K,  we  find  that  biasing  the  generator 
at  34  fiW  will  raise  the  temperature  of  the  detector  3.3 
K,  when  only  He  exchange  gas  is  present  in  the  sam¬ 
ple  cell.  With  liquid  He  in  the  cell  more  than  5.5  times 
more  power  is  required  to  produce  the  same  temperature 
rise.  When  biased  at  the  gap  edge  the  generator  dissi¬ 
pates  7.5  plV,  so  with  liquid  introduced  into  the  cell 
adequate  heat  sinking  should  be  obtainable  with  gen¬ 
erator  current  densities  well  into  the  10s  A /cm3  range. 
Using  an  all  NbN(C)  detector  junction  would  further  re¬ 
duce  the  effects  of  small  temperature  rises  on  detector 
performance. 

We  have  measured  the  frequency  dependence  of  the 
pair  current  response  as  the  generator  bias  is  tuned 
through  the  gap  sum  of  the  detector.  At  frequencies 
at  and  in  excess  of  the  gap-sum  the  expression  (3)  is 
no  longer  valid  and  the  full  high  frequency  theory  which 
takes  into  account  the  frequency  dependence  of  the  pair 
current  must  be  used  [11].  Although  our  measurements 
are  not  in  agreement  with  the  high  frequency  theory 
above  the  gap  sum  they  are  consistent  with  previous 
measurements  we  have  made  on  more  closely  coupled 
tunnel  junctions  [12].  Our  results  indicate  that  the  gen¬ 


erator  is  functioning  at  frequencies  at  least  up  to  1.4 
THs.  Experiments  with  a  higher  gap  sum  detector  junc¬ 
tion  are  now  in  progress  to  examine  this  high  frequency 
limit  in  more  detail. 

In  conclusion,  we  have  fabricated  a  double  tunnel 
junction  device  for  experiments  in  using  high  current 
density  Josephson  tunnel  junctions  as  high  frequency  lo¬ 
cal  oscillators.  The  local  oscillator  is  directly  coupled 
to  the  detector  by  an  RF  capacitor,  which  allows  highly 
efficient  broad  band  coupling  to  be  realized.  We  have 
succeeded  in  coupling  at  least  58%  of  the  maximum  LO 
voltage  signal  available  into  an  SIS  detector  junction  over 
a  frequency  range  from  300  GHz.  to  1.0  THz.  The  ap¬ 
plications  of  a  refinement  of  this  device  to  heterodyne 
mixing  are  obvious.  The  incorporation  of  an  all  refrac¬ 
tory  detector  junction  into  the  device  would  raise  the 
minimum  operating  temperature  to  10  K,  in  the  range 
of  closed  cycle  He  refrigerators. 
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